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Abstract: In this study different type of composite coatings was obtained by electrodeposition using zinc 

as matrix and polymeric particles as disperse phase in zinc sulphate electrolyte. The effects of some 

electrodeposition parameters on the thickness and morphology of obtained composite coatings were 

analysed by optical microscopy, Scanning Electron Microscopy (SEM) and Energy-Dispersive X-Ray 

Spectroscopy (EDX) methods. Polymeric particles inclusion into zinc matrix was correlated with 

imposed electrodeposition parameters. It was observed that the thickness of the coatings is influenced 

by electrodeposition parameters. From the morphology of the coatings, it could be concluded that pure 

zinc has a regular surface with hexagonal crystals, while the composite coatings have fine surface 

structure. Also, the electrodeposition parameters influence the inclusion of the dispersed phase into 

metallic matrix that will influence further the different properties of the composite materials. 
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1. Introduction  
Electrodeposition is a technique used to co-deposit a metallic matrix together with dispersed particles 

(ceramics, polymers, graphite) being the dispersion phase to obtain composite materials [1, 2]. 

Compared with other method to obtaining composite coatings (chemical vapour deposition, physical 

vapour deposition, laser melt injection etc.) the advantages of electrodeposition are low cost, low 

temperature conditions, uniformity of the obtained coatings and controlled deposition rate. The control 

of thickness and quality of the coatings are possible by controlling electrodeposition parameters [3-7]. 

The co-deposited particles can be polymers, ceramic particles, graphite and even metallic particles. The 

obtained composite coatings enhance properties such as hardness and wear and also improve the 

corrosion resistance. The composite coatings could also exhibit high thermal conductivity, electrical and 

photocatalytic properties. Some particles such as: silver [8], B4C [9], CeO2 [10], graphite [11], TiO2 

[12], V2O5 [13], SiC [14] were used as dispersed phases for obtaining composite coatings in zinc matrix, 

but studies with polymeric particles used as dispersed phase are relatively limited. It was reported only 

few studies with composite materials obtained in zinc matrix with dispersed phase polymers such as 

polymethylmethacrylate (PMMA) [15], polystyrene (PS) [16], PEDOT (poly (3,4-ethylenedioxy-

thiophene) [17], polytetrafluoroethylene (PTFE) [18], polyaniline (PANI) [19]. 

Electrodeposition parameters used for obtaining composite coatings are very important because, 

function of them, can be generated various morphologies and textures, which apart from the corrosion 

behaviour, can affect also some properties such as wear resistance, formability and paintability. Current 

density, electrodeposition time, bath composition, temperature, pH, stirring rate, type and size of the 

particles used as dispersed phase are important parameters that controls the deposition process and will 

generate different morphologies of the composite layers and diverse content range of particles inclusion. 

All of these will influence the properties of composite coatings obtained by electrodeposition using zinc 

as metal matrix [20-24].  

Zinc coatings can be obtained from cyanide galvanizing solutions or cyanide-free zinc solutions 

through electrodeposition process. The cyanide solutions are restricted because they have high toxicity; 

the regulations  against water pollution  and  effluents  disposal are very  expensive [25]. Non-cyanide  
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solutions can be medium acid solutions (using sulphate or chloride anions) and alkali-zincate solutions 

[26]. Sulphate anions is used often because its relatively low cost, safety features and pollution control 

characteristics [27-29]. Utilization of additives in zinc electrodeposition was reported since 1907 and 

usually were used organic compounds. They improve the properties of the coatings (brightness, stress, 

grain size, smoothness) and enhance the operating performance (cathodic polarization, decreasing power 

consumption and increasing cathodic current efficiency). The most used additives are glue, gelatine, 

gum arabic, cetyltrimethylammonium bromide (CTAB), ethyl vanillin (EV), thiourea, dextrin, glycine 

and other organic additives, but they are environmental unfriendly because have lower thermal and 

chemical stability and high toxicity [30-34].  

In the present work, we investigate the influence of some electrodeposition parameters such as 

current density, time of electrodeposition, content of phenol-formaldehyde resin used as dispersed phase 

in sulphate electrolyte bath on the thickness of composite layers, the morphology of composite coatings 

and polymer particles inclusion into zinc matrix. Phenol-formaldehyde resin (type novolac with 

commercial name RESITAL 6358/1 synthesized by Hüttenes - Albertus Group, Germany) used as 

dispersed phase is a thermo reactive polymer, that becomes plastic and insoluble by increasing 

temperature. Surfactants or additives were not used in the zinc sulphate electrolyte because they could 

react with resin particles and give wrong information about morphology, texture and inclusion of 

polymeric particles into zinc matrix. 

  

2. Materials and methods  
2.1. Preparation of pure zinc and polymer/zinc composite coatings 

Pure zinc coatings were obtained on low-carbon steel substrate (DC04) from electrolyte solution with 

the following composition: 310 g/L ZnSO4 x 7H2O; 75 g/L Na2SO4 x 10H2O; 30 g/L Al2(SO4)3 x 18H2O. 

Sulphate electrolyte was preferred because has higher cathodic potential than zinc chloride electrolyte. 

By adding sodium sulphate, it is increased the conductivity of electrolyte solution. Aluminium sulphate 

was used to stabilize the pH of the solution at a value of 3.8 and to obtain more shinning coatings. The 

electrodeposition was carried out at room temperature under the cathodic current density of 40mA·cm-2 

and 50mA·cm-2 for 30 min and 60 min. The stirring rate to keep a homogenous dispersion was optimised 

at 800 rpm. As anode material it was used the zinc metal plate with 99.99% purity and activated each 

time by immersing in 10 % HCl followed by distillate water wash. As cathode material (support for 

electrodeposited coatings) was used low-carbon steel plates (DC04).  

To obtain the composite coatings in electrolytic bath was added 10 g/L and 25 g/L phenol-

formaldehyde resin particles with mean diameter size of 0.1 - 5.0 μm, maintaining the same parameters 

for electrodeposition used for obtaining of pure zinc coatings. Surfactants or additives were not used in 

the zinc sulphate electrolyte because they could react with resin particles and give wrong information 

about morphology and properties of new composite materials. The resin was molecular weight between 

3392-3816 g/mol; melting point 70-80oC; free phenol <1%; water content < 0.5%. The phenol – 

formaldehyde resin used as dispersed phase is not esterified. 

There were obtained samples of pure zinc coatings and composite materials with different parameters 

for electrodeposition (current density, time for electrodeposition, content of dispersed phase into 

electrolytic bath), other parameters being constant. The samples obtained were submitted to 

experimental characterization. The symbols presented in Table 1 are used for tested samples. 

 

 

Table 1. Symbols of samples used for testing 
Samples Type of coatings and electrodeposition parameters 

S1 pure zinc coatings obtained at 40 mA·cm-2, 

time for electrodeposition 60 min 

S2 pure zinc coatings obtained at 50 mA·cm-2, 

time for electrodeposition 30 min 

S3 composite coatings obtained at 40 mA·cm-2, time for electrodeposition 

60 min, 10 g/L phenol-formaldehyde resin into electrolyte solution 

https://revmaterialeplastice.ro/


MATERIALE  PLASTICE                                                                                                                                                                
https://revmaterialeplastice.ro 

https://doi.org/10.37358/Mat.Plast.1964 

Mater. Plast., 58 (4), 2021, 138-146                                                                     140                                  https://doi.org/10.37358/MP.21.4.5539                                                              
    
 

 

       S4 composite coatings obtained at 50 mA·cm-2, time for electrodeposition 

30 min, 10 g/L phenol-formaldehyde resin into electrolyte solution 

S5 composite coatings obtained at 40 mA·cm-2, time for electrodeposition 

60 min, 25 g/L phenol-formaldehyde resin into electrolyte solution 

S6 composite coatings obtained at 50 mA·cm-2, time for electrodeposition 

30 min, 25 g/L phenol-formaldehyde resin into electrolyte solution 

 

2.2. Characterization of the coatings 

2.2.1. Thickness of the coatings  

The thicknesses of pure zinc and polymer/zinc composite coatings were evaluated in cross sections 

of the samples by optical microscopy using a Reichert-Jung optic microscope.  

 

2.2.2. Morphology of the coatings and polymer particles inclusion 

The morphology of the coating surfaces and polymeric particles inclusion into zinc matrix were 

evaluated by scanning electron microscopy and energy-dispersive X-ray spectroscopy using a scanning 

electron microscope type JEOL JSM-T220A. The polymeric particles inclusion into zinc matrix was 

evaluated on the composite coatings surface using EDX chemical analyses. The phenol-formaldehyde 

resin contains hydrogen, oxygen and carbon. The presence of hydrogen cannot be determined because 

it has a very small atomic weight, oxygen could be provided from polymer and from zinc oxide on the 

surfaces. So that the average content of unit molecular weight of polymer from hybrid coatings was 

calculated using the average content of carbon.  

  

3. Results and discussions  
3.1. Thickness of the coatings 

The thickness of pure zinc and polymer/zinc composite coatings are presented in Figures 1 and 2. 

 

 
Figure 1. The cross - sectional images obtained with the optical microscope show 

the thickness of the pure zinc coatings (X 500) 

 

From Figure 1 it could be observed that the thickness of zinc coatings obtained at current density of 

50 mA·cm-2 during 30 min (57.19 μm) are higher than the thickness obtained at 40 mA·cm-2 during 

60min of electrodeposition (32.57 μm). 

The thickness of polymer/zinc composite coatings has values between 25.89 μm (S3) and 60.35 μm 

(S5). It could be observed that by increasing the polymeric particles content into electrolyte solution 

from 10g/L to 25g/L at 40 mA·cm-2 the thickness of the coatings is increasing from 25.89 μm to 60.35 

μm, but at 50 mA·cm-2 the thickness of the coatings is decreasing from 58.21 μm to 47.73 μm. This 

decrease of thickness of the composite coatings at same current density, same electrodeposition time and 

increase the content of the polymer particles in electrolyte solution could be explained by the grain 

refinement of coatings in the presence of polymeric particles and polymeric filling of the space between 

zinc crystals 

https://revmaterialeplastice.ro/


MATERIALE  PLASTICE                                                                                                                                                                
https://revmaterialeplastice.ro 

https://doi.org/10.37358/Mat.Plast.1964 

Mater. Plast., 58 (4), 2021, 138-146                                                                     141                                  https://doi.org/10.37358/MP.21.4.5539                                                              
    
 

 

 
Figure 2. The cross - sectional images obtained with the optical microscope show 

the thickness of the composite coatings (X 500) 

 

3.2.2. Morphology of the coatings and polymer particles inclusion 

Figures 3 - 5 shows the morphological aspects of pure zinc and polymer/zinc composite coatings 

using scanning electron microscopy.  

 

 
Figure 3. SEM surface morphology of pure zinc coatings (x 3500) 

 

From scanning electron microscopy micrographs of the pure zinc coatings, it could be observed that 

the electrodeposits appear sufficiently well distributed, compact and continuous. SEM image for S1 

sample is in the form of irregular arrangement of compact, thin hexagonal crystals having certain degree 

of orientation perpendicular to the substrate surface. The SEM image of S2 sample shows random 

distribution of laminated thin hexagonal platelets. From SEM image of S2 sample it could be observed 

https://revmaterialeplastice.ro/


MATERIALE  PLASTICE                                                                                                                                                                
https://revmaterialeplastice.ro 

https://doi.org/10.37358/Mat.Plast.1964 

Mater. Plast., 58 (4), 2021, 138-146                                                                     142                                  https://doi.org/10.37358/MP.21.4.5539                                                              
    
 

 

spheroid forms with different diameter that probably are provided from the hydrogen bubbles that could 

appear with increasing of the current density. At higher current density the rate of deposition and 

coatings build-up are faster and at smaller current density the rate of nucleation sites is lower, the zinc 

platelets are bigger in order to cover the whole surface of the substrate. 

 

 
Figure 4. SEM surface morphology of polymer/zinc composite coatings obtained 

with 10 g/L of polymer particles into electrolyte solution (x 3500) 

 

 
Figure 5. SEM surface morphology of polymer/zinc composite coatings obtained 

with 25 g/L of polymer particles into electrolyte solution (x 3500) 

 

From the SEM images of composite materials (Figures 4 and 5) it could be observed that in the 

presence of polymeric particles appears grain refinement of the surfaces, because the polymeric particles 

included into zinc matrix have a catalytic effect to increase the zinc nucleation sites and inhibition effect 

on metal crystals growth. In the presence of phenol-formaldehyde resin particles the zinc crystals 

become finely crystalline because the polymeric particles disorder the hexagonal crystals of zinc. 

The inclusion of polymeric particles into metallic zinc matrix influences the growth of zinc crystals 

such that it brought about a reduction in the crystallite size. The phenol-formaldehyde resin particles 

included into the deposited coatings increase the rate of nucleation and inhibited the growth of zinc 

crystals resulting finally a more fine-grained composite deposit. 

Figures 6 and 7 presents the X-ray mapping of zinc, carbon and oxygen for samples S4 and S6 in 

order to evaluate the uniformity of the polymeric particles inclusion into metallic matrix. From the spatial 

distribution of elements (zinc, carbon and oxygen) resulted from composite materials it was observed 

that the coatings obtained are uniform having even an uniform element distribution on the surface. 
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Figure 6. SEM-EDX mapping of zinc, carbon and oxygen for sample S4 (x 2000) 

 
Figure 7. SEM-EDX mapping of zinc, carbon and oxygen for sample S6 (x 3500) 

 

In order to evaluate the inclusion of polymeric particles into zinc matrix it was used EDX chemical 

analyses. The polymer used as dispersed phase to obtain composite materials contains hydrogen, oxygen 

and carbon. The average content of molecular mass unit of polymer from composite coatings was 

calculated using the average content of carbon, because the hydrogen has a very small atomic weight 

and cannot be determinate and oxygen could be provided from polymer and from zinc oxide on the 

surfaces. The average elemental (carbon, oxygen and zinc) composition of the coating samples and the 

inclusion of polymeric particles into zinc matrix calculated from carbon average content is given in the 

Table 2. 

 

Table 2. The average elemental composition of S1 - S6 samples from SEM-EDX 

analysis and inclusion of polymeric particles calculated from EDX data 
Sample Element Mean values of wt. % Inclusion of polymer particles 

wt.% 

S1 Zn 100.00 0.00 

S2 Zn 100.00 0.00 

 

S3 

C 38.26  

48.28 O 6.60 

Zn 55.14 

S4 C 30.50  

https://revmaterialeplastice.ro/


MATERIALE  PLASTICE                                                                                                                                                                
https://revmaterialeplastice.ro 

https://doi.org/10.37358/Mat.Plast.1964 

Mater. Plast., 58 (4), 2021, 138-146                                                                     144                                  https://doi.org/10.37358/MP.21.4.5539                                                              
    
 

 

O 5.45 38.48 

Zn 64.05 

S5 C 14.39  

18.16 O 4.50 

Zn 81.11 

S6 C 29.07  

36.68 O 5.60 

Zn 65.33 

 

From the values presented in the Table 2, the inclusion of polymeric particles into zinc matrix is 

ranged between 18.16% wt. and 48.28% wt. For samples obtained with 10g/L polymeric particles into 

electrolyte solution, the increase the current density from 40 mA·cm-2 to 50 mA·cm-2 and the decrease 

the time of electrodeposition from 60 min to 30 min results in a decrease of particles inclusion from 

48.28% wt. to 38.48% wt. A higher decrease of polymeric particles inclusion is obtained at current 

density of 40 mA·cm-2, time for electrodeposition 60 min and 25 g/L polymeric particles into electrolyte 

solution. It could be concluded that by increasing the content of polymeric particles into electrolyte 

solution from 10 g/L to 25 g/L at a value of current density of 40 mA·cm-2, the inclusion of dispersed 

phase into metallic matrix was decreased about three times (from 48.28% wt. to 18.16% wt.). At 50 

mA·cm-2 the increase of polymeric particles into electrolyte solution results in a small variation of 

polymeric particles inclusion into zinc matrix (from 38.48% wt. to 36.68% wt.). 

 

4. Conclusions 
Composite materials coatings were successfully electrodeposited using phenol-formaldehyde resin 

as dispersed phase and zinc as metallic matrix. For electrodeposition the surfactants or additives were 

not used.  

Polymeric particles used as dispersed phase affect the electrodeposition process by modifying the 

coating thickness and the morphology of composite coatings obtained as compared with pure zinc 

coatings obtained at same electrodeposition parameters. 

The pure zinc coatings obtained appear sufficiently well compact and continuous, while the 

composite material coatings obtained with polymeric particles appear with a grain refinement of the 

surface, because the polymeric particles included into zinc matrix have a catalytic effect in increasing of 

zinc nucleation sites and inhibition effect of metallic crystal growth. The phenol-formaldehyde resin 

particles are uniformly included into composite deposit by increasing the rate of nucleation and 

inhibition of the zinc crystals growth resulting finally a fine-grained composite deposit. 

The electrodeposition parameters for obtaining composite material coatings influence the inclusion 

of polymeric particles into metallic matrix, which will affect further the properties of composite material 

coatings. 
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